SUMMARY
Humans use spatial representations to structure abstract concepts [1] . One of the most well-known examples is the ''mental number line''-the propensity to imagine numbers oriented in space [2, 3] . Human infants [4, 5] , children [6, 7] , adults [8] , and nonhuman animals [9, 10] associate small numbers with the left side of space and large numbers with the right. In humans, cultural artifacts, such as the direction of reading and writing, modulate the directionality of this representation, with right-to-left reading cultures associating small numbers with right and large numbers with left [11] , whereas the opposite association permeates left-to-right reading cultures [8] . Number-space mapping plays a central role in human mathematical concepts [12] , but its origins remain unclear: is it the result of an innate bias or does it develop after birth? Infant humans are passively exposed to a spatially coded environment, so experience and culture could underlie the mental number line. To rule out this possibility, we tested neonates' responses to small or large auditory quantities paired with geometric figures presented on either the left or right sides of the screen. We show that 0-to 3-dayold neonates associate a small quantity with the left and a large quantity with the right when the multidimensional stimulus contains discrete numerical information, providing evidence that representations of number are associated to an oriented space at the start of postnatal life, prior to experience with language, culture, or with culture-specific biases.
RESULTS
In all experiments, we familiarized half the infants to a small quantity and the other half to a large quantity, paired with a centered geometric figure. We then tested infants with the other quantity across two trials with a new geometric figure, presented once on the left and once on the right side of the screen. Infants familiarized with the small quantity were tested with the large quantity, whereas infants familiarized with the large quantity were tested with the small quantity. Newborns were thus stimulated with both quantities (small and large) across the experimental session from familiarization to test, which we assumed allowed them to infer relative quantities.
The present methodology builds on previous studies showing that human newborns possess abstract representations of approximate numerosity and expect changes in magnitude occur in the same direction across different dimensions. In particular, when they are presented with auditory and visual number concurrently, they look longer when auditory and visual number match than when auditory number differs from visual number by a 1:3 ratio [13] . Also, when they experience changes in auditory numerosity and/or duration, they expect a change in visual line length in the same magnitude direction (i.e., both increasing or both decreasing) [14] .
In the present study, we adopted this bimodal, cross-dimensional methodology [14] : newborns were presented with congruent changes in magnitude across dimensions (auditory changes in magnitude were always accompanied by the expected, congruent changes in visual size); the critical test was whether the newborn preferred to view a decrease in auditory magnitude paired with the congruent decrease in visual size on the left and an increase in auditory magnitude paired with the congruent increase in visual size on the right, relative to the reverse mapping.
Newborns Preferentially Attend to Decreases in Quantity (Number, Duration, and Length Combined) on the Left and Increases in Quantity on the Right In experiment (exp.) 1, half the 16 infants (4 female; mean age 36 hr) were familiarized with short sequences of 6 syllables paired with a short line (a colored rectangle) and the other half (3 female; mean age 61 hr) were familiarized with long sequences of 18 syllables paired with a long line (see STAR Methods and Figure 1 ). After 60 s, infants were presented with a numerosity/duration change (i.e., from 6 to 18 or from 18 to 6 syllables). This new syllable sequence was paired with a line-length change: a longer line accompanied a numerosity/duration increase and a short line accompanied a numerosity/duration decrease. This line appeared once on the left and once on the right. Thus, from familiarization to test, magnitude changes across the dimensions (number/duration and length) were congruent, though these changes were paired with both spatial locations for each infant.
If newborns associate a numerosity/duration decrease (relatively smaller) with the left side of space and a numerosity/duration increase (relatively larger) with the right side of space, the quantity change should moderate the length of looking times to lines appearing in each spatial location. Consistent with this prediction, we observed a significant interaction between familiarization condition and test (F(1,12) = 24.3; p = 0.0003; h Table S1 for the complete set of results).
From these results, we conclude that newborns associate a decrease in magnitude (relatively smaller test values) with the left side of the space and an increase in magnitude (relatively larger test values) with the right side of space. However, the syllable sequences contained both numerosity and duration changes; infants therefore may have mapped the magnitude changes to the spatial positions using numerical cues, temporal cues, or both. Moreover, they could have solely mapped the spatial information (line lengths) to different spatial positions or require congruent length cues to succeed in the task. Four additional experiments ruled out these possibilities by controlling each dimension that was present in exp. 1 (number, duration, and length) in separate experimental designs. In exps. 2 and 3, we show that infants do not succeed with duration and/or line length cues without numerical information. In exps. 4 and 5, we show that infants succeed with numerical information when controlling for duration or line length cues.
Newborns Fail in Control Conditions Excluding Discrete Quantity Information
Exps. 2 and 3 were identical to exp. 1, with the following changes. In exp. 2, instead of syllable sequences, infants were presented with two syllables separated by a continuous short or long tone, which matched the duration of either the 6-or 18-syllable sequences of exp. 1. Exp. 3 investigated whether newborns associate a change in spatial extent (line length) to spatial locations in the absence of auditory stimulation. Contrary to exp. 1, however, we found no significant interaction between familiarization condition and test for either experiment (exp. infants look longer to the line presented on the left than to the one presented on the right when experiencing a decrease from familiarization (18-syllable sequence/ long duration) to test (6-syllable sequence/short duration); conversely, infants look longer to the line presented on the right than to the one presented on the left when experiencing an increase from familiarization (6-syllable sequence/short duration) to test (18-syllable sequence/long duration). See also Table S1 .
Taking exps. 2 and 3 together, we show that, when provided with duration and/or length cues, newborns do not associate an increase/relatively larger or a decrease/relatively smaller in quantity with right and left spatial positions, respectively.
Newborns Succeed when Discrete Quantity Information Is Reintroduced with Additional Controls
In exps. 4 and 5, we reintroduced numerical stimulation as in exp. 1 while controlling for concurrent duration or length cues in separate experiments. In exp. 4, both the 6-and 18-syllable sequences were equated in duration by lengthening the individual sounds in the 6-syllable sequence. Exp. 5 investigated the mapping of numerical information onto lateralized spatial positions in the absence of length cues. A single line length was used for both familiarization conditions, and an increase/ decrease in number/duration from familiarization to test was accompanied by a visual shape change, not by a congruent length change. The structure of the experiments was otherwise identical to exp. 1. As in exp. 1, but contrary to exps. 2 and 3, we observed significant interactions between familiarization condition and test (exp. Tables S4 and S5 for the complete set of results). See Figure 3 for a summary of the stimuli and results.
Specifically, in exp. 4, the 8 infants (3 female; mean age 37 hr) who experienced an increase in magnitude/relatively larger looked longer at the novel length on the right (M = 47.4 s versus 17.5 s; t(7) = À5.87; p = 0.0006; Cohen's d = À2.077; paired t test). In contrast, the 8 infants (6 female; mean age 35 hr) who experienced a decrease in magnitude/relatively smaller looked marginally longer at the novel length on the left (M = 49.9 s versus 29.8 s; t(7) = 2.27; p = 0.058; Cohen's d = 0.801; paired t test). Looking times during familiarization were similar for both conditions Thus, neonates associate a decrease in number to the left and an increase in number to the right both when auditory sequence duration is controlled (together with length cues) and in the absence of concurrent length cues (together with duration cues).
In order to compare newborns' performance across experiments, we obtained a difference score for each newborn, which was calculated by subtracting the looking time to the ''incongruent'' test trial from the looking time to the ''congruent'' test trial, where ''congruent'' stands for a small line/shape appearing on the left (and paired auditorily with the small number and/or duration sequence for exps. 1, 2, 4, and 5) and for a large line/ shape appearing on the right (and paired auditorily with the large number and/or duration sequence for exps. 1, 2, 4, and 5); ''incongruent'' stands for the inverse magnitude-spatial pairing. We entered these scores in a one-way ANOVA with experiment as between-subjects factor and found that difference scores differed across experiments (F(4,75) Table S6 for the complete set of results).
DISCUSSION
The present research offers evidence of associations of quantity to different spatial locations (in exps. 1, 4, and 5), akin to the spatial-numerical association of response codes (SNARC) [8] effect reported in preverbal infants, children, adults, and nonhuman infants look longer to the figure presented on the left than to the one presented on the right when experiencing a decrease from familiarization (18-syllable sequence) to test (6-syllable sequence); conversely, infants look longer to the figure presented on the right than to the one presented on the left when experiencing an increase from familiarization (6-syllable sequence) to test (18-syllable sequence). See also Tables S4 and S5. animals. Thus, the newborn human mind may be biased to relate representations of relative quantity to different spatial positions prior to any experience with a culturally mediated environment. Importantly, our results suggest that the presence of discrete quantity (numerosity) is necessary, but not necessarily sufficient, for the SNARC effect to emerge in newborns. We cannot rule out the possibility that the effect depends on the simultaneous presence of numerical and non-numerical cues, such as presentation rate (e.g., exp. 4), duration (e.g., exps. 1 and 5), or length (e.g., exps. 1 and 4), as it is impossible to simultaneously control for all continuous variables for a single numerical stimulus (e.g., rate and duration) in this type of design. However, our data suggest that the continuous cues we have tested by themselves (exps. 2 and 3) would not lead to the SNARC effect in newborns and that some stimulation with numerosity, even when confounded with rate or duration information, is necessary.
In addition, though we expect the numerosities used to tap into the approximate number system in which discrimination depends on ratios (e.g., [13] ), we cannot rule out the possibility that infants represent 18 and 6 as absolutely large and small quantities (respectively). However, even if the newborns view these numbers in absolute terms, then the results here would still constitute evidence for a small-left/right-large mapping, though it would still leave open the question of what specific numbers qualify as ''small'' and ''large'' for these infants.
Though the underlying causal explanation is not yet known, it is possible that the predisposition to start visual scanning from the left side of space [15] due to right-hemisphere dominance for spatial-attentional processes [16] combines with a processing advantage for increasing numerosity sequences [17] to produce the effect. Future work is needed to clarify whether these two factors are present-and interact-at birth.
More generally, the propensity to map abstract information in oriented space enhances learning and memory from infancy [18] and improves children's acquisition of formal mathematics [19] . Our study shows that the propensity to map abstract number onto oriented space has a privileged status from birth, as it does not extend to the dimensions of duration and spatial extent. This suggests that humans might extend this mapping strategy to similarly structured domains like sequences of discrete items [20] and other continuous dimensions [21] later in development.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Maria Dolores de Hevia (dehevialola@gmail.com).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
A total of 80 healthy full-term newborn infants (42 girls) participated in this study (mean age: 43.5 h, range: 7h-114h, and range of weight: 2200g-4514g). All infants had an Apgar score of at least 9 after five minutes. Infants were recruited directly inside the maternity hospital, with the authorization of its Director and the University ethics board; informed consent was obtained from a parent of each infant. Those whose mothers had major complications during pregnancy and those with medical problems were excluded from the study. Another 30 infants were brought to the testing room but failed to complete the experiment because they fell asleep or cried. Finally, an additional 32 newborns were excluded after completion of the experiment because of equipment failure (3), mother/pacifier interference (5), not interested (failure to fixate the display, 7), postural bias (2), at ceiling looking times for both test trials (reaching maximum trial length of 60 s, 17), or because offline coding showed unclear looking behavior (when 3 coders were unable to interpret or consistently code looking behavior, 1).
METHOD DETAILS
In Experiments 1, 4 and 5 the sounds used for auditory stimuli were sequences of syllables, repeated either 6 or 18 times. In Experiment 2, we presented sounds made of two syllables separated by a tone of variable duration (short: 1000 ms or long: 3800 ms). Previous work has shown that newborns expect changes in the duration of these stimuli to be accompanied by changes in magnitude in simultaneously presented line lengths; this implies that they interpret these durations as relatively short and long. The silence between two sequences varied randomly between 2 and 3 s. Eight different syllables pronounced by male and female speakers were used. Each infant heard all syllables and both genders. Each participant was familiarized to one numerosity/temporal duration and was tested with the other one. In Experiments 1 and 5, the duration of individual syllables was similar in both numerical/temporal sequences, so that the total duration of the sequences was shorter for the 6-syllable sequence (1.4 s) and three times longer for the 18-syllable sequence (4.3 s). In Experiment 4, the duration of individual syllables across the 6-and the 18-syllable sequence was manipulated such that the total duration of the sequences was the same (4.3 s). In Experiment 3, there was no auditory stimulation. In Exps. 1-4 the visual stimuli were colored, horizontally displayed rectangles of a variable length (short: 8 cm or long: 24 cm) presented centered on the screen against a black background. In Exp. 5 the visual stimuli were a colored, horizontally displayed rectangle, and a gray circle (both 38.5 cm 2 ). The visual figures were animated with a stroboscopic movement, not synchronous with the syllable repetitions, and were inserted in a stationary white square. The order of the first numerosity/temporal duration presented was counterbalanced across participants. The paradigm had two phases: a familiarization phase (60 s) immediately followed by a test phase. All infants, except for Exp. 3 which did not include auditory stimulation, were presented with two values of numerosities and/or durations (one small and one large), and all infants, except for Exp. 5, were presented with two values of length (one small and one large); infants in Exp. 5 were presented two visual shapes of identical area (one rectangle and one circle). During familiarization, in Exps. 1, 2, 4 and 5, one of the auditory stimuli was paired with one visual length: 6-syllable sequences and short durations were paired with the short rectangle; 18-syllable sequences and long durations were paired with the long rectangle. During familiarization in Exp. 3 there was either the short or the long rectangle, with no auditory stimulation. Afterward, during test, the auditory numerosity and/or duration was changed (from small to large or from large to small), and was paired with the corresponding, novel visual length in two successive REAGENT Infants were installed in an infant seat, 60 cm from a 22-inch monitor, and an experimenter stood behind the infant to monitor for potential signs of discomfort. A second experimenter situated behind the stimuli screen, and therefore blind to the visual stimuli presented, coded the newborn's looking times online (looking to a monitor displaying infants' face) by pushing a button on the keyboard when the baby looked at the screen. A second coding of the looking times was conducted offline while playing the video at slow speed by another experimenter, also blind to experimental conditions. Because newborns' looks are not always easy to code (if the eyes are not wide open), and online coding was necessarily permissive (for example, if an infant sneezed, the experimenter did not stop the trial), a third offline coding was performed when the two first coders' judgments differed by more than 5 s (22.5% of data). The analyses reported are based on the average of the two closest measurements for each trial. If the infant presented signs of distress or drowsiness, the experimenter who coded online the looking times terminated the study before it was completed. The second/third coders, who were blind to the experimental conditions, decided when an infant who had completed the study was too drowsy/fussy to be included in the data analyses.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data were analyzed in an ANOVAs using JASP [22] with two between-subject factors of Familiarization condition (small/short versus large/long), Order of test presentation (left first versus second), and one within-subject factor of Test (left versus right). Paired t tests reported are two-tailed. See the Tables S1-S6 for all ANOVA tables corresponding to analyses reported in the main text.
Based on data from a previous study [14] , we observed effect sizes of h 2 p = 0.681, 0.439, and 0.63 for newborns experiencing ''congruent'' stimulation in a similar design. Given these effect sizes and degrees of freedom associated with a repeated-measures ANOVA, we estimate power to be between 0.86 and 0.99 for a future sample size of 16 to detect effects at alpha-level 0.05.
Nonparametric Analyses
The following non-parametric analyses are two-tailed. In Exp. 1 (number + duration + length), thirteen out of sixteen infants looked longer to the test trial presenting the magnitude decrease (relatively smaller) with a left-sided visual object or to the test trial presenting the magnitude increase (relatively larger) with a right-sided visual object (binomial test, p = 0.02; Wilcoxon signed-rank test, W = 127, z = 3.28, p = 0.001, r = 0.82). However, in Exp. 2 (duration + length, no number) and in Exp. 3 (only length) only nine out of sixteen (Exp. 2; binomial test, p = 0.80; Wilcoxon signed-rank test, W = 76, z = 1.96, p = 0.71, r = 0.49, and six out of sixteen (Exp. 3; binomial test, p = 0.45; Wilcoxon signed-rank test, W = 50, z = 1.29, p = 0.38, r = 0.32) looked longer to the spatial location corresponding to the magnitude change. Finally, in Exp. 4 (number + length, no duration), fifteen out of sixteen infants looked longer to the test trial presenting a decrease (relatively smaller) paired with a left-sided object or an increase (relatively larger) paired with a right-sided object (binomial test, p = 0.0005; Wilcoxon signed-rank test, W = 128, z = 3.31, p = 0.0008, r = 0.83). Similarly, in Exp. 5 (number + duration, no length), fourteen out of sixteen infants looked longer to the test trial presenting the magnitude decrease (relatively smaller) with a left-sided visual object or to the test trial presenting the magnitude increase (relatively larger) with a right-sided visual object (binomial test, p = 0.004; Wilcoxon signed-rank test, W = 133, z = 3.44, p = 0.0008, r = 0.86).
Though we assumed ages of infants would be randomly assigned to each experiment, to confirm the absence of age differences across the experiments, we conducted a one-way ANOVA which failed to find age differences across experiments: F(4, 75) = 1.489, p = 0.214, h 2 = 0.074.
DATA AND SOFTWARE AVAILABILITY
Movies presented to newborns and corresponding descriptions as well as the anonymized looking time data files are available on the Open Science Framework at https://osf.io/r46cx.
